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ABSTRACT 

The feasibility of using induction heating and con- 
comitant quenching for hot winding large helical springs 
was established by the Research Directorate, Weapons 
Laboratory, WECOM.  A full-scale experimental system was 
assembled, and M140 gun mount counterrecoil springs were 
coiled from three different materials.  Springs with proper 
load-carrying capacity were produced from each of the ma- 
terial s. 
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INTRODUCTION 

This project was centered upon the investigation and 
evaluation of possible methods to upgrade current technology 
of hot-wound spring manufacture,  Primarily, the project 
was directed toward the use of high-frequency induction 
heating methods and, subsequently, effort was also di- 
rected toward concomitant sequential quenching during hot 
winding. 

The counterrecoi1 spring of the M140 gun mount was 
selected as a representative for testing the heating and 
quenching concepts.  This spring has an outside diameter 
of approximately 13-1/2 inches and free height of 45 inches, 
made of 1 inch diameter wire (Dwg F8671112, Appendix A and 
Figure 1).  The spring must pass the stringent Class A 
spring requirements of Specification MIL-S-1 3572, which 
includes presetting to solid height a minimum of five con- 
secutive cycles with no more than 0,002 in/in loss in 
free height (Figures 1-3).  The spring must also exert a 
force of approximately 3000 pounds when compressed to 
22-1/2-inch operating height (Figure 2)c 

Three materials were selected for test:  (1) the then 
current 9262-H steel called for by the drawing, (2) a pre- 
vious drawing material, 5160-H steel, and (3) a new ma- 
terial being used in the spring application, 250-Grade 
maraging steel.  Only very small quantities of the 9262-H 
steel and the marage material (other than entire steel mill 
heats) were available.  All preliminary work on the project, 
therefore, was with the 5160-H material. 

Preliminary concepts were to pass the approximately 
27-foot length of 1-inch wire through an induction coil and 
directly onto the rotating mandrel.  Either the coil and 
wire could traverse to produce a helical spring or the 
mandrel could traverse,  The former, with a rotating but 
fixed-axis-line mandrel was more readily adopted to the 
available equipment. 

DISCUSSION 

System Development 

Procurement cost of a completed commercial hot-winding 
system was estimated to be from $400,000 to $500,000, which 
was well beyond the funds extended for the project.  The 
application of induction heating and in-line quenching 



FIGURE 1 Spring F at Free Height 
in a Universal Test Machine 

(11-199-1317/AMC-72) 



FIGURE 2 Spring F Compressed to Operating Height 
of 22-1/2 Inches.  Average Load on Last Five 

Cycles was 3030 Pounds; Loss 1n Free Height was 
from 47-9/16 Inch to 47-1/2 Inches.  • 

(11-199-1318/AMC-72) 



FIGURE 3    Spring F Compressed to 
Solid Height.  Average Load 

(11-199-1320/AMC- 

Approximate 
was 5370 Pounds 
72) 



while winding, however, could be developed and tested full 
scale by modification of on-hand equipment. The resultant 
system would be cumbrous and not applicable to production, 
but it would show the feasibility of the system. 

A large belt-driven lathe was modified with a 7-1/2- 
horsepower, 1750 max. RPM, D.C., motor and a 20 to 1 gear 
box.  The gear ratio of the lathe yielded a final ratio of 
280 to 1 from the motor to a mandrel on the lathe.  The 
modified lathe was placed near a 150 kilowatt, 9720 Hertz 
induction heating unit.  Auxiliary controls for the motor 
speed, the temperature in the induction coil, and subse- 
quently for the quenchant were breadboarded on a furnace 
control panel, and moved to the proximity of the lathe and 
the induction unit. 

Original concepts of the winding system embodied the 
use of water-cooled cables to connect the high-amperage 
output of the induction heater to the induction coil which 
was bracketed to the lathe feed.  Over forty combinations 
of transformer ratios (from 9:1 to 5:1) and capacitors 
(300 KVA rated) were used with over a dozen different coils, 
yet no combination succeeded in heating the 1-inch bar with- 
in a time frame suitable for hot winding.  Experience had 
shown that 150 KW was more than sufficient to heat the bar; 
the power loss in the high amp cables was too great. 

The heating problem was finally solved by moving the 
transformer and capacitor bank of the induction unit to the 
bracket with the coil, i.e., to the lathe feed and thereby 
the power loss in the cables was eliminated.  The final 
lathe and coil modifications are shown in Figure 4 

After several springs were hot-wound on the system 
shown in Figures 4, 5, 6, and 7, a quench mechanism was 
added to the system*  As shown in Figures 8 and 9, the 
major quench components were (1) a large reservoir tank 
of 100 gallon capacity, (2) a small bath tank around the 
mandrel, and (3) a low-pressure spray nozzle (Figure 9). 
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FIGURE 5 Control Panel Shown 
at Left in Figure 4. 
(11-199-899/AMC-72) 
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Winding Springs 

Once the system was developed, little problem was en- 
countered winding the three spring materials.  Winding tem- 
peratures from 1500°F to 1900°F were used.  The maraging 
steel was more resistant to bending and higher winding 
temperatures were necessary to prevent bending or breakage 
of the fixture that held the induction coil.  Only one 
small center bolt directly below the mandrel held the 
fixture to the lathe feedc  With a stronger fixture the 
1500°F temperature, the solution heat treatment temperature 
for marage material, could have been used. 

All springs were wound by activation of the induction 
coil and initial hand-feeding of the end of the 1-inch wire 
through this heating coil to the position shown in Figure 7 

12 



The quench, if it were to be used, was turned on.  The 
lathe motor was activated, and the automatic lathe speed 
and heat control (controlled through the radiation pyrom- 
eter signal) was turned on.  The "dog" shown at the top 
of the mandrel would then grip the end of the wire as the 
lathe turned. 

was 
the 
hel i 
fixt 
18°4 
in t 
angl 
was 
coil 

For 1-1/4 to 1-1/2 mandrel revolutions the lathe feed 
left in neutral and was moved slightly by hand to form 
closed end-coil and to lead into the 8-1/2-inch pitch 
cal configuration of the main spring body„  The coil 
ure was also rotated about its center bolt to give the 
1' angle required for the pitch.  The fixture is shown 
his rotated position in Figure 10, although the picture 
e does not make the rotation obvious.  This procedure 
reversed at the end of the spring to close the last 
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As subsequent discussion and data show, the parameters 
of diameter and hardness were not maintained as would be 
required in production facilities.  Both of these param- 
eter variations were caused by temperature fluxuations 
along the length of the bar, especially the first coil 
where the bar was hand-fed through the induction coil and 
the temperature estimated visually by color change.  A 
variable speed-driven roller on the feed side of the coil 
could eliminate this problem. 
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FIGURE  11 Schematic  of  the  Controls 
Used   in  the  Hot   Wound   Spring  Unit 

(11-199-1678/AMC-72) 
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springs or partial springs, which failed load tests, 
yielded considerable laboratory test data, e.g., hardness, 
microstructure, and configuration data.  The results from 
these springs are included in the following data and dis- 
cussion. 
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condition.  The "t" test cannot be considered completely 
valid when applied to the internally not consistent preset 
data for Spring F, but the test results indicated a signif- 
icant difference between the two sets of data given for 
Spring F.  From these limited number of statistical tests 
one can tentatively conclude that quenching on the mandrel 
subsequently produces a tapered spring significantly larger 
in diameter than it was: as wound, whereas air cooling and 
subsequent heat treatment is inconclusive.  Close examina- 
tion of the data for Spring D shows a wide scatter in diam- 
eters; hence, the inclusive results. 
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TABLE VII 

GRAIN SIZE 

Material Spring 
Winding 

Temperature, °F 
ASTM* 

Grain Size 

5160-H J 
K 
L 

Q 

1600 
1500 
1800 
1575 

8 
7-8 
4-6 
7-8 

9262-H R 
S 
T 

1875 
1540 
1500 

4-6 . 
8 
8. 

250 Marage V 
W 

1900 
1900 

5-6 
6 

N-l * n =2  , where n • number of grains per square 
inch at 100X magnification and N • ASTM 
grain size.  Therefore, larger grain 
size (fewer per square inch) is indicated 
by smaller numbers. 

27 



with 
low-a 
than 
the a 
super 
pi ete 
9262- 
polym 
quenc 
from 
100% 
Q). 
satis 
erenc 
in th 

The d 
no ba 
Hoy 
100% 
11 -ma 
i o r i 
ly ma 
H mat 
er (2 
hes f 
1540° 
marte 
There 
facto 
e 2 w 
is re 

ravn n 
i n i t e 
steel 
marte 
rtens 
n per 
rtens 
e r i a 1 
2%) i 
rom 1 
F (Sp 
nsite 
fore , 
rily 
hich 
ports 

9 (Ap 
or f 

s.  L 
nsite 
i t i c 
forma 
i tic 
with 

n wat 
875°F 
ring 
stru 
at 1 

dupl i 
was p 
sugg 

pendi 
e r r i t 
oad p 
; how 
struc 
nee t 
struc 
an o 

er pr 
(Spr 

S) 
cture 
0-15% 
cate 
u b 1 is 
ests 

x A) 
e in 
arame 
ever, 
ture 
han m 
tures 
11 qu 
oduce 
i ng R 
At an 
was 
cone 

oil q 
hed a 
10-13 

requi 
the m 
ters 
simi 

is ge 
ixed 
are 

ench. 
d all 
) but 
18% 

produ 
entra 
uench 
fter 
%. 

res 10 
icrost 
can be 
lar to 
neral1 
micros 
r e a d i 1 

The 
marte 
not i 

1 evel 
ced fr 
tions , 
i ng f r 
compl e 

0% mar 
ructur 
met w 
f i ne- 

y cons 
tructu 
y obta 
revers 
nsite 
n 9262 
in wat 
om 1 57 
the q 

om 150 
tion o 

tensi 
e of 
ith 1 
grain 
idere 
res. 
ined 
e sol 
in 92 
-H qu 
er a 
5°F ( 
uench 
0°F. 
f the 

te 
the 
ess 
size, 

d 
Corn- 

in the 
ubl e 
62-H 
enched 
near 
Spring 
woul d 
Ref- 
work 

The 5160-H steel produced similar results with the 
15% polymer and would require lower polymer concentrations 
for quenching from approximately 1500°F.  At higher metal 
temperatures of 1600°F-1800°F, the 5160-H material quench 
cracked, but responded satisfactorily when air cooled from 
higher temperatures and then properly heat treated. 

The maraging material will produce a 100% martensite 
structure with a slow air cool, hence, quenching to form 
martensite is not a problem.  Undesirable precipitates can 
form, however, if the maraging steel is cooled slowly by 
air, especially in the higher temperature ranges of 
1600°F-1900°F.  A quench was therefore used. 

Quenching on the mandrel followed by tempering pro- 
duces clean surfaces.  Little scale was formed and only 
rare traces of partial decarburization were detected on 
any of the samples from the three materials.  Normally the 
9262-H material has 0.005 to 0.008 inch decarburization, 
0.002 inch of which has total loss of carbon.  This im- 
provement in normal spring applications can increase life 
tremendously.  Experience has shown that the 5160-H steel 
is less prone to decarburization, but 0.002 inch is not 
uncommon.  Chemistry changes in the low-carbon marage 
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material are also usually low. But, here too, keeping 
the change to a minimum is a beneficial step to spring 
manufacturi ng. manufacturing 

Hardness Variance 

All 
disks a b o 
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urements were made on transverse 
hick cut from selected coils.  The 
n along a line parallel to the 
igure 12.  A considerable hardness 
d from coil to coil and sometimes 
bles VIII and IX).  This was to be 
tioned in the discussion of winding 
s made to perfect temperature con- 
ons existed; hence, different quench 
dings were obtained.  Induction 
0°F or less variation, i.e., compara 
ace accuracy, are available. 

Because of the wide range in hardness values, no group 
of the 9262-H steel hardness readings passed the statis- 
tical "F" test as being consistant, e.g., Spring T in 
Table IX.  This indicates that a process variable, heat, 
was influencing the hardness beyond normal statistical 
variation.  Similar "F" test results were obtained from 
Springs A (Table VIII) and J of the 5160-H steel, and 
springs V and W of the maraging steel; the remaining hard- 
ness values were not subjected to statistical analysis. 

CONCLUSIONS 

1. Helical spring manufacture is feasible with in- 
duction heating methods, at least, in stock up to 1-3/32 
inches in diameter. 

2. The springs can be coiled at austenite tempera- 
tures normally used in heat treatment. 

3. The coils can be quenched on the mandrel as sub- 
sequent coils are being heated and wound. 

4. The as-coiled springs quenched on the mandrel 
had larger diameters than springs that were air-cooled. 
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RECOMMENDATIONS 

1. A driven variable speed roller is needed to feed 
the first part of the bar stock through the induction coll 
and produce even heating of the stock from end to end. 

2. A variable coiler (lathe) feed control, such as 
commercial manufacturers have, is highly desirable to re- 
produce uniformly any type of variable pitch springs. 

3. Accurate closed-loop temperature control with 
two temperature sensors - one to monitor in the coil and 
one to monitor material just in front of the quench - is 
highly desirable to control point to point temperature 
fluctuations. 
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APPENDIX A 

M140 GUN MOUNT SPRING DRAWING 
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APPENDIX B 

Snedecor's F Test 

Variance Ratio Test 

A Test for "The Internal Consistency of 
a Single String of Measurements"  * 

 Digital Computer Program by N. E. Hinriksson 

Based on Equations and Discussions from References 3 and 4. 

C-FOCAL,1969 

Pi 1.1 PI   A   "ENTER   NUMRER  OF   VALUES     *Mtf; A   "ENTER  MUMPER  OF   GROUPS     ",G 
01*13 s p=ei;s CF=O;S R=DJS B=0J S Q=N/G;F I = I,N;A X;D 2 
01.15   G   4.2 

02.10   S   T=T+X;S   B=B+Xt2;i    CI/0-FITR(I/0>)   2.2,2.3,2.2 
0 2.20  s A=A+X;R 
02.30  s A=A+X;-S R=R+G*A»2/N; s A=0;R 

04.20   S CF*Tt2/N;S   Z1»<R-CF)/CG-1);S   Z2=(B-R)/<N-G>; T   !!!,X8.02 
0   4.50   T   "      SOURCE   OF SUMS   OF DEGREES   OF VAglANCE", ! 
0 4.60   T "     VARIATION SQUARES FREEDOM ESTIMATE"*! 
0 4.70   T !,"BETWEEN   SAMPLES   ", P-CF, X8.0, G- 1, " ", XR.02, Z\ , ! 
04.71    T "WITHIN   SAMPLES      ", B-R, X8.0,N-G, " ", XR.02, 22, ! 
0 4.72   F I = 1,40;T   "-" 
04.73   T !,"     TOTALS ", B-CF, XR.0, N- 1, "        F   FACT'S X8.02, Z1 /Z2 

05.10   S   M»FSOTC(B-CF)/(N-l)3/FSQTCN/G);S   AV=T/N 
05.13   T   !!,"AVERAGE",X8.04, AV, !,"WARNING   LIMITS 
0 5.15   T   "LOWER", AV-2*M," UPPER", AV+2+M, ! 
0 5.19   T   "ACTION   LIMITS LOWER",AV-3*M," UPPER",AV+3*M,!! 
* 

*From p.  7 reference 5. 
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APPENDIX C 

Student's "t" Test 

A Test for Difference in Averages* 

 Computer Program by N. E. H1nr1ksson  

Based on Equations and Discussions from References 3 and 4. 

C-FOCAL,1969 

PI 1 - 151   A   IB.06* "NUMBER   OF   VALUES!    FIRST   GROUP      "#N1 
01.20   A   "NUMBER   OF   VALUES:    SECOND  GROUP   "» N2 
01.30 s A=PJ;S B«0;F I»I>NI;A X;S A=A+X;S P=B+xtg 
01.40   S   S1«B-At2/Ni; S   A1=AAM1 
eu.50 s A=0?S B»0;F I»I#N2;A X;S A-A+X;S B=B+X»2 
0 1.60   S   S2«B-A»2/N2;S   A2=A/N2 
01.70   T   !,"AVERAGE!   FIRST  GROUP   ",Al»!#"AVERAGE!   SECOND  GROUP"*A2#! 
0 1.8 5  S  Z-FABS<A1-A2)/FSQT<CCNH-N2>*< S1+S2>)/<(Nl*N2>*(Nl+N2-2>)> 
0   1.90   T   "STUDENT'S   • T'   FACTOR   "»Z,\ 
01.95   T   "DEGREES   OF   FREEDOM        ", *6#N.l + N2-2# ! 
* 

*From p.   13 of reference  5. 
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Equations for Spring Built Height 
and Maximum Stress After Presetting 

' BY Walter P°nc DATE 

The following equations vere derived to provide a method to determine the theoretics! 
free heisnt "h." of a spring prior to presetting. The equations should help any sprin? 
manufacturer avoid the trial and error method usually employed. Figure 1 shovs the 
cross section of the sprin3 wire and extent of torsional stress prior to yielding. 

Figure 2 shows the extent of torsional stress assuming the material had an infinite 
elastic limit. The stress assuming an infinite elastic limit is illustrated by the 
dotted line and is designated"JK. The actual torsional yield stress is designated 
*V and the diameter indicating the extent of yielding is "DJ'. 

dolor e-  ?., 
Assume a torque "Ty" is applied that is within the elastic limiX "*)£?•    Also assume 
a torque "TtT is applied that is stressed to "^JL". 

(1.) Then also let Tn=Ty, since Tn is produced by the same coil radius and load. 

D/2 
Tn -   rfV,d; 

Vhere p ; any distance outvardfrom center o. 
then,«V = 2pX\  ,   from/fr   : J^, 

'' D ~T~      D/2 
end, dA = 2TfPd.? 

Then 

D/2 -, ^/y    D/2 
Tn=r«(2?i»)     (2^Pdp ) = kVJn    r   g?dp 

SHEET OF     '• 

AMSWE   Fin>   248,   i MAR (.9 REPLACES. S.HERI   F*n  348-3. Jup 6ft, 
WHICH IS OBSOLETE. VlJlGrt   l*UV.t;L,ii?<».. 
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Equations for Spring Built Height 
end Kaximua Stress After Presetting 

BY  Walter Pape DATE 

(2.)    Tn = UfrT,^ 
*D 

Also let, 

D/2 

] i5~" 

r2 D/2 

V2 

V.'here'Yp = g£j3b  ft,«n   ^   :    V 
D, T"   "0772 

Then 
D/2 D/2     . 

5 ' D^/2 

v*& gk  +«tTv* or 

Dl/2 

(3.)    T.   -Vfep,3    4-Tf^D3       -fr^Dl3 

^» 16 12 12 

Then from equations 1, 2 and 3« 

D3   :      °x3 +  _2!    -  h? 
^T 12 12 IS 

or 

(U.)    Dj3 : D3(U -   3^/^) or      Dx r D yk 

Letting     I ,   z    additive residual stress at Dj/2 

^2 :    negative residual stress at D/2 

3t 

SHEET       2    OF    ** 

AMSWE   F.,•  248.   l MAR .9 REPLACES   SWERI   Form   J--8-3,  Jun 60, 
WHICH IS OBSOLETE. DESIGN CALCULATION 
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Equations for Spring Built Height 
end Maximum Stress After Presetting 

BY       V.'alter Pape DATE 

And from the relation, 

% • ft -X) 
V2 D/2 >F X 

X. vhere,  D 

V cv.3> = v?„    Is*-** 
(5.)   ^= ft -X) . 1i \[> - 3 £ 
<6.)%;'?i-/7j 

Then assume the spring is loaded after presetting,  the stress distribution 
is illustrated in figure 3. 

Fran the ratio 

/a.     -     i max —   11 

j i sut-£.    ^=L 

D 

or 

/max :  Ji -V  12 

•2>- 

VJhere/j.; Stress due loading based on 
deflection from nev free 
height due to presetting 

•h- 

Then combining vith equation k, 

(T.jTmax^^3^ IT 

and substituting eo 5-  for T. 
(8.) Xx ?f-i   \k -  3 -^?- "%-%] forX ^.]L^J 

For stress "^W1 at the surface of the vire after presetting and upon loadingj 

SHEET  I_OF_!i.   | 

AMSWE    f.•    248,    1   MAR 69 REPLACES   SWERI.Farm   348-X   iun  60, 
WHICH IS OBSOLETE. DESIGN  CAlCULATiCn 
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Equations for Spring Built Height 
and Maximum Stress After PresettinG 

BY  Walter Pape 

X-%% 
but by substituting eq 6.  for 12 

DATE 

X 
(9-) %•%- (1MB 

To determine the approximate built height "h" prior to presetting, we let "D," in 
equation (k)  equal zero. 

Then Ml- 1> ly 
3 

But the stress " *i" \>hich assumes infinite elastic limit could equal the stress 
rate "A" times tne Wohl factor "K" multiplied by the built height "h " minus 
the solid height "h " or, P 

(10.)   / » : AK (hp - hs)  

or hp = his      4"    6°lid height 
3AK 

for the MlUO fount Spring>kaovn; 

1% - l'+O 000 psi 
A     ;  3735 psi/in 
K    • 1.115 
hs = 9.5 in. 

hp = h  (lUOOOO) 
3x3735x1.115 

9.5    r    5^-32 inches. 

Jn : (51* —  9-5) AK = 185000 psi 

/max = lUOOOO    lh -   3—j^uoUJ 185000 — 155000 

'me 'max : 130000 psi 

*V = 110000 psi 

SHEET .OF. 

A.MSWE   r..«   248,   1 MAR 69 RLPLACES   SWEftl   Form   348-3, Jun 60, 
WHICH IS OBSOLETE. DESIGN CALCULATION 
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